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Two -Tone  Intermodulation 
in 

Diode  Mixers 

Introduction 

Intermodulation  (IM)  distortion  often  defines  the  upper  limit  to  the  signal 
handling  capability  of  a  microwave  receiver.  It  is  particularly  serious  in 
broadband  receivers  designed  for  communications  or  spectral  surveillance. 

In  such  receivers  the  mixer  is  often  the  major  generator  of  intermodulation 
distortion,  because  its  signal  handling  ability  is  relatively  low. 
Furthermore,  if  preamplifier  stages  are  used  to  achieve  a  low  noise  figure, 
the  signal  levels  applied  to  the  mixer  are  correspondingly  large. 

Diode  mixers  exhibit  intermodulation  phenomena  which  have  never  been 
explained  satisfactorily,  and  the  related  problem  of  selecting  diode  and 
circuit  parameters  to  minimize  intermodulation  has  not  been  investigated.  It 
has  been  known  for  many  years  that  the  IM  output  level  of  a  mixer  usually, 
but  not  always,  decreases  with  an  increase  in  LO  level,  and  that  nulls  in 
the  IM  output  level  sometimes  occur  at  specific  values  of  LO  level  or  dc 
bias.  Beane  [1]  and  Graham  and  Ehrman  [2]  explain  why  some  of  these 
phenomena  occur,  but  do  not  explain  why  they  sometimes  do  not.  Similarly 
Lepoff  and  Cowley  [3]  and  Tou  and  Chang  [4]  describe  techniques  to  reduce  IM 
distortion  in  mixers,  but  do  not  address  the  greater  problems  of  analysis 
and  design  for  minimal  IM.  This  paper  will  present  theory 

which  reproduces  these  phenomena  with  high  accuracy,  and  will  identify  diode 


and  circuit  parameters  which  minimize  mixer  IM. 


Many  useful  techniques  for  analyzing  nonlinear  circuits,  such  as  the 
Volterra  series,  assume  weak  nonlinearities  and  relatively  small  applied 
voltages  (i.e.  a  small- signal ,  quasi-linear  assumption).  Unfortunately, 
these  assumptions  are  violated  by  diode  mixers,  which  have  a  very  strong 
exponential  nonlinearity  and  one  signal,  the  local  oscillator  (LO) ,  which 
may  be  several  orders  of  magnitude  larger  than  the  other  signals.  Even  with 
techniques  which  do  not  require  a  small-signal  quasi-linear  assumption,  such 
as  that  of  Ushida  and  Chua  [5],  the  presence  of  one  signal  much  larger  than 
the  others  may  introduce  numerical  problems.  One  way  to  circumvent  these 
problems  is  to  treat  the  pumped  diode  as  a  time -varying ,  weakly  nonlinear 
device.  Orloff  [6]  follows  this  approach  by  expanding  the  junction  voltage 
in  a  Taylor  series,  using  the  LO  voltage  as  the  central  value,  to  analyze 
single-tone  IM.  Swerdlow  [7]  applies  a  time-varying  Volterra  series  to  the 
analysis  of  a  varactor  upconverter,  assuming  a  sinusoidal  LO  current 
("current-pumped")  waveform.  Graham  and  Ehrman  also  apply  time-varying 
Volterra  series  techniques  to  mixers  using  lumped  circuit  elements.  Several 
specialized  analyses  have  been  presented  [8-10]  which  have  various 
advantages  and  limitations.  The  problems  with  these  are  that  they  make 
implicit  or  explicit  assumptions  about  the  diode's  embedding  impedances  or 
LO  waveforms,  do  not  include  junction  capacitance  or  series  resistance,  or 
are  limited  in  the  order  of  nonlinearity  which  can  be  considered.  It  will 
be  shown  that  these  factors  are  critical  to  mixer  IM  performance. 

The  analysis  presented  here  is  an  extension  of  existing  large-signal/small- 
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signal  mixer  theory  [11],  [12],  It  requires  no  assumptions  about  the  LO 
waveform,  any  embedding  impedance  at  any  mixing  or  intermodulation  frequency 
can  be  specified,  and  both  the  junction  capacitance  and  conductance 
nonlinearities  are  included.  By  accounting  for  all  important  parameters, 
unprecedented  accuracy  has  been  obtained.  It  is  directly  applicable  to  a 
wide  variety  of  circuits  such  as  varactor  upconverters ,  subharmonic  mixers, 
and  many  types  of  modulators,  and  the  same  techniques  could  be  applied  to 
FET  mixers.  Once  the  conventional  mixer  analysis  is  performed,  no  further 
iteration  is  required.  It  is  efficient  enough  to  be  implemented  on  a  small 


computer  such  as  the  IBM  PC. 


Because  any  multiple -diode  mixer 


can  be  modeled  by  an  equivalent  single -diode  mixer,  it  is  generally 
applicable  to  balanced  mixers.  Its  main  limitation  is  that  saturation 
effects  are  not  included,  and  the  RF  level  must  be  comfortably  below 
saturation  (i.e.  10  dB  or  more  below  the  1-dB  compression  point). 


Theory 


Figure  1  shows  the  intermediate  frequency  (IF)  spectrum  of  intermodulation 
frequencies  of  greatest  concern,  up  to  third  order,  for  two  input  tones. 
Only  the  intermodulation  frequencies  at  the  IF  are  shown,  although  similar 
IM  voltage  and  current  spectra  exist  at  frequencies  above  and  below  each  LO 
harmonic.  cj ^  and  u) ^  are  the  desired  IF  outputs.  The  diode  may  have 
different  embedding  impedances  at  each  of  these  frequencies. 


The  small-signal  junction  voltage  can  be  treated  as  a  small  deviation  of 
the  large-signal  LO  voltage.  Hence  the  IM  current  can  be  found  by  a  Taylor 
series  expansion  using  the  LO  voltage  as  a  central  "point,”  and  a  relatively 
small  number  of  terms  in  the  series  are  adequate.  The  resulting  series 
coefficients  are  time-varying.  The  general  approach  is  as  follows: 


1.  Perforin  the  large -signal  analysis  to  determine  the  junction  LO 


voltage  and  current  waveforms; 

2.  Perform  the  linear  time-varying  small-signal  analysis  to 
determine  the  first-order  junction  voltages. 

3.  Use  the  first-order  voltages  as  excitations  to  determine  the 
second-order  voltages. 

U.  L'se  the  first-  and  second-order  voltages  to  determine  the 
third-order  voltages. 

Steps  (1)  ar.d  (2)  are  simply  the  conventional  diode  mixer  analysis.  The 
process  could  be  continued  for  higher  order  IM  components. 

Figure  2  shows  the  large  -  signal  equivalent  circuit.  The  diode  junction 
current  IV.  and  capacitive  charge  Q(V.)  are  given  by  the  well-known 
exp  re  s  s ions 


I  exp  qY./rjKT)  -  i:  S  loexp(0  Vp  (1) 

Q,Y  .  -20C.  1  -  V  ;/0)1/z  (2) 

J  J  w  J 


where  I  -  is  the  diode's  reverse  saturation  current,  C.„  is  the  zero- 

0  jO 

voltage  junction  capacitance,  and  0  is  the  built-in  voltage,  q  is  the 
electron  charge,  K  is  Boltzmann's  constant,  T  is  absolute  temperature,  and 
T]  is  the  ideality  factor.  Eq .  (2)  implies  that  the  epilayer  doping  is 

uni  form . 


The  large  signal  analysis  of  the  diode  under  LO  excitation  only  is  performed 
first,  via  any  method  which  does  not  involve  limiting  assumptions  (e.g. 


[13]).  It  is  henceforth  assumed  that  the  LO  waveforms  I^(t),  V^.(t),  and 
C  (t)-dQ(V)/dV,  V-V. (t) ,  are  known. 


Figure  3  shows  the  small-signal  equivalent  circuit,  i  (t)  is  the  Thevenin 

"  s 

equivalent  of  the  RF  source,  applied  directly  to  the  junction,  and  v^(t) 
is  the  small-signal  junction  voltage,  which  includes  the  IM  components  and 
linear  terms,  but  not  the  LO  voltage.  For  two-tone  distortion, 


ig  ( tj-I^cos  ( (mtj  u  t)  +  Is2Cos(  (mu^-t-cj  2^ 


(3) 


where  u  ^  is  the  LO  fundamental  frequency.  Usually,  but  not  necessarily, 
m-1 ,  implying  an  upper- sideband  RF  input.  The  total  junction  voltage  is 
V j  ( t )  +v^.  ( t )  .  Substituting  this  into  (1)  and  (2)  and  expanding  in  a 
Taylor  series  about  Vj(t)  gives,  for  the  small-signal  junction  current  and 
charge , 


Vt^IjCtX  6  Vj(C)  +  6  2Vj 2 (t)/2  + 


i  V3(t)/6  +...] 


(4) 


q  j  ( t )  “C  j  (t)  [2(  0  -  V  j  (t) )  Vj  (t)  +  (0-V..(t))'V2(t)/4 
+  (0-V  (t))*2v  3(t)/8  +...] 


(5) 


Eqs .  (4)  and  (5)  can  be  expressed  more  generally  as 


(6) 


ij(t)“6l(t)vj(t)  +  S2(t)vj  (t)  +  S3<t)vj  (c>  +  -•• 

(C)-ci(t)v^  (t:)  +  c2(t)v.2(t)  +  c3(t)v.3(t)  +...  (7) 

Limiting  consideration  to  third-order  IM  components, 


Vj(t)-Vi<t:)  +  v2(t)  +  v3(c)  (8) 

vj2(t)-v12(t)  +  2v1(t)v2(t)  (9) 


vJ3(t)-v13(t) 


(10) 


where  v  (t)  is  the  n  order  IM  voltage,  the  sum  of  the  frequencies  of 
any  n  first-order  junction  voltages.  The  differential  equation  describing 
Figure  3  is 


dtJ 


+  i  (t)  +  i  (t)-i  (t) 
J  L  s 


(11) 


Substituting  (6)  through  (10)  into  (11)  and  separating  gives  the  equations 
for  first,  second,  and  third-order  products 


d(ci(t)v  (t))  +  g  (t)v  (t)  +  i,,(t)-i  (t)  (12) 

dt 

d(c1(t)v2(t)  +  c2(t)v12(t))  +  g1(t)v2(t)  + 

dt  2 

g„(t)v  (t)  +  i  _(t)-0 


(13) 


n 


d(c  (t)v  (t)  +  2c2(t)v1(t)v2(t)  +  c^v  (t))  + 
dt  3 

gl(t)v3(t)  +  2g2(t)v1(t)v2(t)  +  g3(t)v1  (t)  + 


where  I  ^L2’  and  ^L3  are  c^e  ^rsc">  seconcH  and  third-order  load 
currents,  respectively. 

Figure  4(a),  (b) ,  and  (c)  show  the  first,  second,  and  third-order  equivalent 
circuits  representing  (12),  (13),  and  (14),  respectively.  Figure  4(a)  is 
the  small-signal  linear  equivalent  circuit.  The  voltages  v^(t)  resulting 
from  the  two  excitation  tones  can  be  found  in  the  conventional  manner. 

These  are  used  to  find  the  excitation  currents,  the  sources  in  Figure  4(b), 
for  the  second  order  IM  components  (these  sources  are  in  fact  the  short- 
circuit  junction  IH  currents).  Given  those  currents,  Figure  4(b)  is  a 
linear  circuit  so  v2(t)  and  i^(t)  can  be  found  by  conversion  matrix 
analysis  in  the  same  manner  as  i-L1(t)  and  v^(t).  The  third-order  IM 
products  are  found  analogously  through  the  circuit  in  Figure  4(c). 


The  small-signal  linear  mixer  analysis  gives  v^(t): 


co  2 


'l(t)“iX  2  Vm,qexp[j(m  V^q)t: 


m  =—&  q  =  -2 
q  *  0 


-i2<‘>-£5  12 


m  n  q  r 
=  —co  =  —2 

q.r*  0 


V  V  exp l  j  [  (m+n)  u) 

m,qn,r  r  J  1  p 

+  U  +  U  It) 
q  r J 


The  second-order  terms  of  most  interest  are  those  at  k  (jJ^  -  (j2  and 


These  are  the  second-order  IM  frequencies  most  likely  to 


cause  interference,  and  are  needed  to  find  the  third-order  IM  components. 
They  will  be  designated  by  "a"  and  "b"  subscripts,  respectively.  Then 


la 


vBilvnt_2exp(j[(m+n) 


U) 


m  n 

-  X 


+  W1-  CJ2]t) 


(17) 


'lb 


V  v  v 

4  c—  _ _ _  m ,  1  n  ,  1 


exp! j [ (m+n) u. 


m  n 


+2  ujt! 


(18) 


The  frequencies  k  u  +t may  also  be  of  concern;  they  can  be  found 


from  (17)  by  replacing  V  ^  with  0  and  following  through  the 
subsequent  equations  Note  also  that  (17)  and  (18).  and  the  equations  which 
follow  from  them,  are  sums  of  the  upper  -  sideband  phasor  components  at  the 
relevant  frequency,  ar.d  not  the  complete  time  waveform.  Eq .  (I*1  has  a 

coefficient  of  IT.  instead  of  1/4.  because  there  are  two  identical  terms 


in  the  q.r  summation  in  (lf>  This  situation  arises  frequently  in 


following  equations 


IS 


II 


r.  -  . 

r/-\  ... 


The  Taylor  series  coefficients  can  be  expressed  by  their  Fourier  series' 


g2(t)“  7  2  X  IiexP<;jltJpC) 

1  *  -  X 

CD 

c,(t)-  ^  C.- exp ( j  1  Cj  t) 

2  M0-V,  (t)  )  ~  V-  P 

J  1  =  -CD 


Using  (17) -(20),  Figure  4(a),  and  (13),  the  excitation  current  components 


2 

1  m  n 

=  _x  (J^expij  [  (l+m+n)u  +a>1*  2  ]  t ) 


I  3  YlVd?  I1*VI<U"W',‘V 

Inn 

=  _x  2o»1)exp(  j  [(l+m+n)u»  +2  u»1]t) 


i-  it)  ar.d  i ,,  <  t )  are  of  the  form 
2  a  2  b 
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2a(t)“  2ZV2a  exp[j  (k<Jp+  Wf  Wj)t] 

k  =  -  x 


i2b(t)-  2b  ®*P[j(kWp+2W1)t] 


2b'  '  2Z.  k,2b 

k  =  -oo 


Equating  terms  at  the  same  frequency  in  (23)/(21)  and  (24)/(22),  one  obtains 


2 

Jk,2.-  S  I  ZVlVn.-2<T  Il+V<kVWrW2); 

1  m  n 

=  -  =o  1+m+n  =  k 

lk.2b-ll  2  IVlVl<T  W(k<V2<,V> 


1  m  n 


1+m+n  =  k 

k-l+m+n  must  be  limited  to  some  range  (-K,  K) ;  then  (25)  and  (26)  can  be 
expressed  as  column  vectors  of  the  form 


-2a“(I-K,2a  1-K+l,2a  ’•■I-l,2a  I0,2a  Il,2a  ••*1K,2a  )T 


and  similarly  for  I_,  . 

—2b 


The  vectors  of  output  IM  currents,  and  — are  found  from  a  straightforward 

conversion  matrix  analysis  of  Fig.  4b? 

IT,  --(1  +  Y.(Z  +  R  1 ) )  "^I0  (28) 

~L2a  —  ~e2a  s~  —2a 


lL2b-(i  +  Ij^e2b  +  Rsi)}  —2b 


Y.  is  the  conversion  matrix  for  the  pumped  diode  junction  [121.  Z  . 

-~j  ~e  7  a 

and  Z  are  the  2K+1  x  2K+1  diagonal  matrices  of  embedding  impedances  at 


•  *  V  ■  •  ••  •/•.( 


w 

@1 


the  IM  frequencies,  with  the  impedances  at  KCJ  and 

p  1  2 

K  (J^+2  at  the  top  left  corners,  respectively.  Rg  is  the  diode 
series  resistance.  The  second-order  junction  voltages  are 


-2a“(-5e2a  +  Rs~)~L2a 


— 2b— ^~e2b  +  RSi>±L2a 


and  the  second-order  IM  output  powers  at  the  IM  frequencies  near  the  k 
LO  harmonic  are 


Pk,2a  “°-5  Ik,L2a  Re(Ze2a,k) 


Pk,2b  “°‘5  Tk , L2b  RelZe2b,k) 


The  third-order  IM  components  are  found  analogously  via  (14)  and  Figur 

4(c).  The  IM  component  of  greatest  interest  is  that  at  (or 

2U) 2'^ which  is  derived  identically),  since  it  usually  can  not  be 

rejected  by  filters.  The  v^(t)v^(t)  term  in  (14)  has  two  components 

which  generate  v^(t)  at  mixing  with  v2  (t)  at 

(Jl*  0»2>  and  at  mixinS  with  v^ft)  at  2 

3 

The  components  of  (t)  and  v^(t)v^(t)  at  these  frequencies  are 


Vl3(t)“l^  1  2  Vm,lVn.lVp,-2exp{j[(ni+n+p)wi 


m  n  p 


+2  W1-  (J  2]t) 


Again,  the  coefficient  is  3/8  instead  of  1/8  because  there  are  three 
identical  terms  in  the  q,r  summation. 


Vl(C)v2a(t)“  l2  2  Vm,2aVn,l€Xp{jI(m+n)tJI 


m  n 

=  -  CO 


+2CJ.-  u2)t) 


Cu 

vl<t)v2b(t)“  l2  2  Vm ,  2bVn , .  2eXP { ^  [  (m+n)  ^ , 


+2  w  -  tJ2]t; 


The  IM  coefficients  c^(t)  and  g^(t)  are 


C3(t)-^  C^expCjl 


1  =  -  CO 


J  cu 

g3(t)-  g-  ^  I1exp(jl£Jpt) 


1  =  -CD 

An  analogous  treatment  for  (14)  gives  the  components  of  the  third-order 
source  and  IM  output  current  vectors: 


Vj-tIIIS  ViViVc'!1!* 


1  m  n  p 

s  -  CO 

1+m+n+p  =  k 

cc 

I  2  I 

1  m  n 


1+m+n  =  k 


3C*lJlkWp  +  2W1  *  U2]) 


(Vm,2aVn,l  +  Vm,2bVn,-2)(f  h  + 

V[k<JP  +  2^1  '  ^2]) 


IT  -(1  +  Y . (Z  ,  +  R  1)  I, 
-L3  --  ~j  ~e3  s~~  -3 


where  Z ^  is  the  embedding  impedance  matrix  at  the  third-order  mixing 

frequencies  and  I ^  is  the  third-order  source  current  column  vector.  The 

output  IM  power  at  kCt>  +  2  U) ,  -  is 

p  i  i 
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Pk,3-°-5 


k,L3 


"Re{Ze3,k} 


Implementation 


(41) 


The  Turbo-Pascal  [14]  program  DIODEMX  listed  in  [12]  was  modified  to 

include  the  IM  calculations  [15]-  DIODEMX  calculates  the  LO  voltage,  current, 

and  capacitance  waveforms,  V.(t),  i  (t),  and  C.(t),  via  a  harmonic 

J  40  J 

balance  technique.  It  then  forms  conversion  matrices  for  the  junction  and 

finds  the  first-order  junction  voltages,  V  ,,  and  V  ...  It  also 

J  °  m,±l  n,±2 

supplies  the  matrix  Y.  for  Eqs .  (28),  (29),  and  (40).  The  evaluation  of 

the  multiple  summations  and  determination  of  the  IM  output  powers  are  then 

performed  by  a  single  new  subroutine.  Some  economies  in  execution  time  are 

obtained  by  recognizing  that  many  of  the  terms  in  the  multiple  summations 

are  identical,  and  need  not  be  evaluated  repeatedly.  Considering  12  LO 

harmmonics  in  I1 ,  ,  and  C,1 ,  and  nine  mixing  frequencies  in  the 

conversion  matrices  and  in  V  and  V  execution  of  the  IM 

m.^l  n,*2 

subroutine  requires  49  seconds,  using  an  IBM  PC  with  an  8087  math 
coprocessor.  Execution  time  is  approximately  half  this  value  with  an  80286- 
based  microcomputer  and  80287  numeric  coprocessor. 


The  calculations  can  be  simplified  by  the  assumption  that  the  two  input 

tones  are  closely  spaced  in  frequency,  and  that  the  IM  outputs  are  within 

the  IF  passband.  Under  this  assumption,  V  .  , -V  „,  Z  ,,-Z  _-Z  ,  , 
r  r  m,*l  m,±2  ~e 3  ~e2  ~el 

Eqs.  (28),  (29),  and  (40)  are  identical,  and  a  large  block  of  impedance  data 
need  not  be  entered.  The  validity  of  this  assumption  may  be  questionable  in 


certain  cases  only  for  either  the  2  or  the  comPonent.  one 

of  which  may  be  well  separated  from  the  other.  In  most  cases  the  results  are 
of  acceptable  accuracy  even  if  the  assumptions  are  not  strictly  valid.  In 
situations  where  this  approximation  is  not  acceptable,  one  can  enter  the  IF 
load  impedances  for  these  components  individually. 

Results 


The  theory  was  verified  experimentally  with  a  single-ended  mixer  operating 
at  approximately  10.5  GHz  with  an  IF  near  50  MHz.  The  sole  purpose  of  the 
mixer  was  to  verify  the  theory,  not  to  achieve  any  performance  goals;  it  was 
designed  primarily  to  have  predictable  embedding  impedances  at  as  many  LO 
harmonics  and  mixing  frequencies  as  possible.  The  mixer  consists  of  a  diode 
mounted  at  the  end  of  a  50  ohm  microstrip  line,  with  a  10  pF  dc/IF  blocking 
capacitor  at  the  input  and  a  decoupling  circuit  for  dc  bias  and  the  IF 
output.  LO  and  RF  were  applied  through  the  input  port  via  a  directional 
coupler.  Bias  was  applied  through  a  bias  tee  in  the  IF  circuit.  The  mixer 
was  realized  in  microstrip  on  a  0.025"  alumina  substrate. 


The  diode  was  a  silicrn  Schottky-barrier  beam- lead  device,  Alpha  model  no. 

DMJ6777.  Its  parameters  were  R  -6.0^2,  C.  -0.15  pF,  0-0.7  V,  77-1. 19, 

s  JO 

- 12 

and  I  -5.0x10  A,  determined  bv  direct  measurement  of  its  C/V  and  I/V 
0 

characteristics.  The  beam- lead  overlay  capacitance  plus  the  calculated 
microstrip  open-end  capacitance  was  0.10  pF.  This  capacitance  in  parallel 
with  the  50  ohm  source  comprised  the  embedding  network. 


2*4 


Figure  5  shows  the  measured  and  calculated  conversion  loss  and  third-order 
IM  output  level  for  -20  dBm  input,  with  zero  dc  bias.  The  calculations 
include  the  effect  of  an  estimated  0.5  dB  input  loss.  Figure  6  shows  the 
two  second-order  IM  output  levels  under  the  same  conditions.  Figure  7  shows 
the  measured  and  calculated  dependence  of  conversion  loss  and  IM  upon  dc 
bias  voltage  at  a  fixed  LO  level  of  0  dBm.  The  ageement  over  a  wide  LO 
power  range  is  remarkably  good;  in  particular,  the  nulls  in  IM  level  at 
specific  values  of  LO  power  and  bias  are  faithfully  reproduced. 
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Other  mixer  and  diode  parameters  were  examined  to  identify  those  which  most 

strongly  affect  mixer  IM  performance.  A  set  of  baseline  diode  and  circuit 

parameters  was  defined,  and  certain  of  these  were  varied  while  the  rest  were 

held  fixed.  The  baseline  parameter  values  were  CLq-0.15  pF,  R^-9 . 0 Q, 

_  .  -9 

'7-1.30,  <P  -0 . 6  V,  and  1^-2 . 6x10  A.  The  embedding  impedances  were 
zero  at  the  image  frequency,  LO  harmonics,  and  all  high-order  mixing 
frequencies.  The  LO  fundamental  source  impedance  was  50  +  j0£2,In  order  to 
eliminate  uncertainties  due  to  source/load  VSVR,  all  data  was  tabulated  for 
simultaneously  conj ugate -matched  RF  and  IF  ports.  This  approach  has  the 
disadvantage  that  the  conversion  loss  optimum  often  occurs  at  very  low  LO 
levels,  sometimes  with  impractically  high  source/load  impedances,  and  if  the 
mixer  is  conditionally  stable,  a  simultaneous  conjugate  match  is 
impossible.  For  the  most  important  cases  of  high  LO  level  (i.e.  >  3  dBm), 
however,  impedances  are  invariably  reasonable  and  the  mixer  is  stable.  The 
RF  frequencies  were  10.54  and  10.56  GHz  and  the  LO  frequency  was  10.50  GHz. 
The  RF  input  level  was  -20  dBm  per  tone. 
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Measured  (solid  line)  and  calculated  (dashed  line)  second-order 
IM  output  levels  for  -20  dBm  RF  input  per  tone.  Vfc-0. 


Measured  (solid  line)  and  calculated  (dashed  line)  conversion 
loss  and  IM  levels  as  a  function  of  dc  bias  voltage.  LO  power 
is  0  dBm,  RF  power  is  -20  dBm  per  tone. 


Figure  8  shows  the  calculated  conversion  loss  and  third-order  IM  level,  for 
short-circuit  and  open-circuit  high-order  small-signal  and  LO  embedding 
impedances.  Also  shown  are  the  same  data  with  50  ohm  LO  embedding 
impedances.  Figure  9  shows  the  second-order  IM  levels  under  the  same 
conditions.  The  drop  in  IM  level  with  increased  LO  power  shown  in  Figures 
5-9  is  contrary  to  intuition,  because  the  LO  voltage  traverses  a 
progressively  more  strongly  nonlinear  range  of  the  I/V  and  C/V 
characteristics.  The  reason  is  that  at  high  LO  levels  the  junction  operates 
more  like  a  switch  than  a  continuous  nonlinearity,  and  IM  current  is 
generated  only  during  the  transition  between  reverse  bias  and  hard  forward 
conduction.  This  transition  becomes  shorter  as  LO  power  is  increased. 
Similarly,  operating  the  mixer  in  any  way  that  reduces  the  length  of  this 
transition  will  reduce  intermodulation  levels. 


The  effect  of  different  embedding  impedances  on  the  IM  level  can  be  related 
to  the  interplay  of  two  phenomena.  The  matrix  term  in  (40)  is  small  for 
large  values  of  ^e-j<  indicating  that  IM  output  current  should  be  small. 
However,  the  magnitudes  of  the  junction  voltage  components,  ^  are 
relatively  large  and  many  may  be  significant,  increasing  the  magnitudes  of 
the  components  of  the  current  vector,  1^,  in  Eq.  (39).  The  net  effect  is 
that  the  IM  levels  for  short-circuit  and  open-circuit  embedding  impedances 
are  comparable  at  low  LO  levels,  but  at  high  levels  the  IM  output  power 
rises.  Furthermore,  if  the  LO  source  impedance  is  high,  must  discharge 
through  a  high  impedance  during  the  negative-going  half  of  the  LO  cycle. 

This  slows  the  transition  between  conduction  and  turn-off,  and  consequently 
increases  IM  levels.  Hence  it  appears  that  the  best  possible  IM  performance 
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Conjugate-match  conversion  loss  and  third-order  IM  for  baseline 
diode  and  circuit  parameters,  except  for  different  sets  of 
high-order  LO  and  small-signal  (including  image)  embedding 
impedances:  (1)  Zg ,  Z,0  short  circuit;  (2)  Z_,  Z,Q  open 
circuit;  (3)  Ze  open  circuit,  ZLq-50+J0;  (*l)  Zg  snort  circuit, 
Zlo-50*JO.  The  LO  fundamental  embedding  impedance  is  50+J0. 
Conversion  losses  for  (2)  and  (3)  are  virtually  identical. 
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is  achieved  with  short-circuit  embedding  impedances  and  heavy  LO  pumping 


The  variation  in  IM  level  with  LO  level  in  many  cases  has  multiple  nulls. 
This  phenomenon  is  a  manifestation  of  the  fact  that  the  excitation  currents 
i  Figure  ^b)  and  4(c)  are  not  a  single  sinusoid,  but  a  spectrum  of 
components,  related  in  phase,  each  downconve r ted  to  the  same  IF.  These  IF 
current  components  experience  phase  cancellation  at  certain  LO  levels.  This 
phenomenon  is  sensitive  in  some  degree  to  virtually  all  mixer  and  diode 
parameters,  so  it  is  questionable  whether  it  can  be  used  in  practice  to 
reduce  IM  levels  significantly. 

Figure  10  shows  the  effect  of  image  enhancement  upon  IM  level,  noise 
temperature,  and  conversion  loss  by  varying  the  value  of  a  purely  reactive 
image  termination.  The  termination  which  gives  minimum  conversion  loss 
results  in  a  remarkably  high  noise  temperature,  a  modest  rise  in  second- 
order  IM  level,  and  an  enormous  rise  in  third-order  IM .  Part  of  the  reason 
for  this  rise  is  the  high  value  of  IF  load  impedance,  600  Q  ,  necessary  to 
achieve  a  simultaneous  conjugate  match  at  this  value  of  image  reactance.  It 
is  clear  that  the  best  overall  performance  for  this  mixer  is  achieved  with  a 
capacitive  termination  or  a  short  circuit.  This  phenomenon- - low  conversion 
loss  accompanied  by  high  noise--is  often  observed  experimentally.  It  is 
sobering  to  note  that  it  may  also  be  accompanied  by  very  poor  IM 
perfc  rmance . 

In  Figure  11,  and  the  IM  level  are  graphed  as  functions  of  dc  diode 
current,  for  fixed  bias  with  the  LO  level  varied,  and  two  fixed  LO  levels 
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Fig.  10.  Conjugate-match  conversion  loss,  IM  levels,  and  noise 

temperature  as  a  function  of  image  termination  reactance,  for 
baseline  diode  and  circuit  parameters.  All  LO  and  small-signal 
high-order  embedding  impedances,  except  for  the  image,  are 
aero,  PL0-3  dBm>  vb'0. 


Tv«  ,  v'  .  . 


with  the  dc  bias  varied  from  -0.2  to  0.3  V.  The  curves  for  fixed  P  and 
fixed  overlap  over  wide  ranges,  but  the  conversion  loss  is  somewhat 
better  for  fixed  bias.  This  remarkable  result  is  due  to  the  fact  that  the 
transition  regions  in  the  LO  waveform  vary  nearly  identically  as  either  bias 
voltage  or  LO  level  is  increased.  Lc>  however,  is  affected  most  strongly 
by  the  shape  of  the  conductance  waveform,  which  varies  differently  with  bias 
and  LO  level.  These  results  imply  that  in  some  cases  dc  bias  can  be  traded 
for  LO  power  in  order  to  minimize  IM  levels. 

Figs.  12  and  13  show  the  dependence  of  third-order  IM  upon  diode  series 
resistance  and  junction  capacitance,  respectively,  for  three  LO  power 
levels.  In  all  cases,  the  dependence  on  LO  level  is  stronger  than  that  on 
diode  parameters.  Nevertheless,  at  the  high  end  of  the  LO  range,  a  low 
series  resistance  and  low  junction  capacitance  are  clearly  advantageous. 

has  a  remarkably  strong  effect  on  IM  level,  even  though  its  nonlinearity 
is  relatively  weak  and  it  generates  little  IM  current  by  itself.  Its 
significance  comes  from  its  effect  on  the  LO  waveform:  a  low  junction 
capacitance  discharges  rapidly,  allowing  the  junction  voltage  to  drop 
through  the  conduction/nonconduction  transition  rapidly.  Generally,  low 
Rs  results  in  low  IM.  The  rise  in  IM  level  for  very  low  at  high  LO 
levels  may  be  related  to  the  fact  that  this  mixer  is  conditionally  stable  at 
some  LO  levels  for  R^  <  U Q  .  Most  real  mixers  would  probably  have  enough 
loss  in  their  embedding  networks  to  prevent  instability,  so  this  phenomenon 
might  not  be  observed  in  practice.  Minimizing  Rg  is  consistent  with  the 
need  to  minimize  all  embedding  impedances. 


Figure  14  shows  the  dependence  of  IM  level  upon  0  and  7]  .  Setting  0  to  a 
large  value  removes  the  variation  of  junction  capacitance,  and  therefore 
approximates  a  Mott  diode.  This  change  reduces  IM  level  slightly,  probably 
bv  minimizing  the  peak  value  oftL(t).  Minimizing  7)  also  minimizes  IM 
levels.  The  drop  in  conversion  loss  with  increase  in  7)  may  be  surprising. 
For  a  conj ugate -matched  diode,  conversion  loss  rises  with  LO  power  above  the 
optimum  LO  level,  in  this  case  0  dBm,  because  the  junction  conductance  pulse 
is  longer  than  optimum.  Low  7)  gives  a  longer  conductance  pulse,  for  a 
given  LO  level,  than  does  high  7]  .  Therefore,  the  mixer  achieves  a  given 
value  of  conversion  loss  at  a  lower  LO  level  for  low  7j  than  high.  The  noise 
temperature  is,  as  one  might  expect,  significantly  lower  for  low  7j  than  for 
high  77 

Cor.c  lus  Ions 


This  report  has  shown  that  intermodulation  in  diode  mixers  can  be  predicted 
with  high  accuracy.  Intermodulation  is  most  strongly  related  to  the  speed 
of  the  diode's  transition  between  hard  conduction  and  nonconduction,  the 
magnitudes  of  its  junction  voltage  IM  components,  and  the  magnitude  of  its 
embedding  impedances.  The  results  indicate  that  the  most  significant 
parameter  affecting  mixer  IM  performance  is  LO  level.  However,  high  LO 
level  alone  is  not  sufficient  to  achieve  low  intermodulation;  it  is 
necessary  to  optimize  all  mixer  diode  and  circuit  parameters.  The  best  IM 
performance  is  obtained  by  using  a  high-quality  diode  with  low  junction 
capacitance  and  series  resistance.  Embedding  impedances  should  be  short 
circuits,  and  dc  bias  should  be  used.  Image  enhancement  must  be  used  with  ca 
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LAB'KATt'KY  OPKKAl’loKS 


The  Aerospace  Lorporat  i «>*i  functions  as  an  "art  hi  tect  -eng  ineer "  tor 
national  security  projects,  spec  ia  1  i  /.  i  ng  in  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  invest igat ions  that  focus  on  the  application  of 
scientific  and  technics!  advances  to  such  systems.  Vital  to  the  success  of 
these  invest 1  g  a  t ions  is  the  technical  staff’s  wide-ranging  expertise  and  its 
ahilitv  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Aerophysics  Laboratory:  Launch  vehicLe  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control.  high  temperature  thermomechanics,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  excimer  laser  development  including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state -sped f ic  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out -of -f ie Id -of -v i ew  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  veri f icat ion,  program  translation, 
performance -sensit ive  system  design,  distributed  architectures  for  spaceborne 
.■  omputers,  fault -tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  appl icat  ions ,  communicat ion  protocols,  and  computer  security. 

M**rt  ronlcs  Research  Laboratory:  Microelectronics,  solid-state  device 
phvsus,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  commun i cac i ons ; 
m  rowave  semiconductor  devices,  microwave/millimeter  wave  measurements, 
fngoustirs  and  radiomet ry ,  microwave/ml  1 1 imeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
pr>pagation  phenomena,  space  commun icat ion  systems. 

Materials  Sc  ience  s  J^hor  a  tor  v_:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy -induced 

e.')V  l  roomer)  t  S  . 

''pace  Sciences  Laboratory  :  Magnet  ospher  t  c  ,  auroral  and  cosmic  ray 
pbvsws,  wave -par t i c I e  interactions,  magnet ospher i c  plasma  waves;  atmospheric 
and  ionospheric  physics,  densitv  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation,  solar  physics,  infrared  astronomv, 
iitrared  signature  analysis;  eiterts  of  solar  activity,  magnetic  storms  and 
'.ilear  explosions  on  t be  earth's  atmosphere,  ionosphere  and  magnetosphere; 
effects  >f  electromagnetic  and  particulate  radiations  on  space  svstems ;  space 
i ns  t  r ument at  ion . 
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